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Airplane wing profile drag 
extended natural  laminar 
can be significantly reduced by designing :he wino ts  have 
flow (NLF), Extended VLF relies on favorable chordwise 
pressure gradients t o  stabilize t h e  boundary layer and maintain laminar flow, The 
amount of natural laminar flow, however, depends on the  Reynolds n ~ .  .lber, Mach 
number, and sweep angle. 
A NASA flight program incorporating an VLF airfoil into part ial  wing gloves on t h e  
F-111 Transonic Aircraft  Technology (TACT) airplane was conducted in mid-1980 t o  
evaluate t h e  extent  of NLF a t  relatively high Reynolds numbers through a range of 
wing sweep angles. This report  contains an analysis of 34 selected cases of flight t e s t  
da ta  from tha t  program. From measured boundary layer velocity profiles, t he  analysis 
determined t h e  location of transition from laminar t o  fully turbulent flow in t h e  
boundary layer. The report  also contains t h e  results of a boundary layer stability 
analysis of 25 selected cases in which crossflow and Tollmien-Schlichting disturbance 
amplification factors  were correlated with t h e  transition location. The chord 
Reynolds numbers for these  cases ranged from 23 t o  29 million, and t h e  Mach numbers 
ranged from 0.80 t o  C.85. 
The results of t h e  flight t e s t  da ta  analysis show tha t  t h e  maximum extent  of laminar 
flow varied from 5 6 8  chord at 9-deg sweep t o  21% chord a t  25-deg sweep on t h e  upper 
surface, and from 51% chord at 9-deg sweep tu 6% chord at 25-deg sweep on t h e  lower 
surface. Because t h e  transition location was not measured directly in 'chis test but 
inferred from measured boundary layer velocity profiles, the re  is some uncertainty 
associated with these  transition locations. 
The results of t h e  boundary layer stability analysis show tha t  in cases for which 
crossflow amplification was zero,  t h e  Tollmein-Schlichting amplification factor  a t  
transition ranged from 7.8 t o  12.9. None of t h e  cases analyzed had ze ro  T-S 
amplification. For t h e  cases in which both types of disturbances a r e  amplified, t h e  
results indicate tha t  an interaction takes place reducing t h e  maximum amplification 
factor  of either type of disturbance tha t  can be to!erated without causing transition. 
Many of t h e  lower surface  results showed transition a t  unexpectedly low amplification 
factors,  indicating tha t  transition was probably affected by external  disturbances, such 
as engine noise or insect contamination. 
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The results of t h e  boundary layer stability analysis should increase confidence in t h e  
results  of fu ture  YLF design work. However, because of t h e  !imited flight da ta  base 
and the  uncertainty in transition location resulting f:om t h e  type of instrumentation 
used on t h e  glove, a more comprehensive flight t e s t  is needed. I t  is recornmtrr '  . '  . . t 
a new flight t e s t  program be i ~ i t i a t e d  t o  further explore t h e  effects  of w 5 swteb 
lift coefficient, and Mach number and also t h e  e f f ~ t s  of Reynolds number and noise. 
The test should have improved instrumentation t o  low transition location directly and 
in real  time. 
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2.0 INTRODUCl'ION 
The recent r ise in jet fuel prices has caused an increased in teres t  In improving a i rcraf t  
fuel efficiency. .4 promising way t o  achieve significant improvements is t o  design a 
wing t o  provide extensive laminar flow. NASA's Aircraft  Energy Efficiency (ACEE) 
program has sponsored development of laminar flow :ethnology for application t o  
commercial transport  airplanes. The  ACEE studies (refs. 1, 2, and 3) show tha t  with 
continuous chordwise suction, disturbances in the  laminar boundary layer can be  
effectively controlled t o  sufficient 'y high Reynolds numbers and sweep angles t o  make  
laminar flow control (LFC) potentially feasible for use on large transports. 
Investigations of natural laminar flow (NLF) (ref. 4) show tha t  significant regions o f  
laminar flow, although more limited than a t ta inable  with LFC, can be obtained on 
wings without suction if t h e  pressure distribution is selected to  retard disturbance 
growth in t h e  laminar boundary layer. However, t h e  range of w e e p  angles and 
Reynolds numbers at which NLF will work is limited. A flight test program t o  
investigate these  NLF limits was conducted by NPSA-Dryden Flight Research Center. 
The flight vehicle was t h e  F-I 11 Transonic Aircraft  Technology (TACT) airplane f i t t ed  
with part ial  wing gloves designed for extended laminar flow. 
The best methods currently available for designing laminar flow wings a r e  t .. on I 
linear boundary layer stability theory. This theory is  used t o  calcula te  t h e  growth of 
disturbances in t h e  boundary. layer. The two primary types of disturbances that  a r e  
j : 
usually cri t ical  a r e  t h e  cross£low (C-F) moae and t h e  Tollmien-Schlichting (T-S) r o d e .  .; 
- r' 
In previous applications of t'w thcory, transition has been assumed t o  occur when t h e  i I 
factor  by which either distlnbance has been amplified exceeds some allowable value. i 1 
It has been suggested that. a criterion based on an appropriate relatioruhip between , I 
amplification factors  for 'f-S and C-F disturbances should be  used. Becacse t h e  linear ! 1 
stability theory is used in combincion with some form of transition cri terion t o  I 
, 
predict the  transition point, this  amplification cri terion is a key element of t h e  
laminar flow wing design method and n u s t  be established by correlation between 
theory and experirnemal data. 
Only a limited amount of experimental da ta  a r e  available from full-scale flight tests 
of partially laminatized wings (refs. 5, 6, 7, and 8). These previous flight test 
programs provided useful data for laminar flow research and for t h e  calibration of 
PAPE 
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theoretical  methods. However, t h e  F-111 YLF glove flight test was t h e  first  
systematic flight test investigation of t h e  a f fec t  of sweep on high-speed laminar 
boundary layer transition. As a result, this  is t h e  first  set of flight test da ta  tha t  can 
provide guidance concerning t h e  way C-F and T-S disturbances in teract  t o  cause  
transition. 
The objectives of this study were- 
o To analyze F-111 NLF glove flight : s t  d a t a  (pressure dis t~ibut ions  and boundary 
layer velocity profiles) for 34 selected cases (flight conditions) t o  determine t h e  
location of bou~idasy layer transition from laminar to  fully turbulent flow. 
o To analyze t h e  boundary layer stability of 25 of t h e  selected flight test cases and 
corre la te  C-F and T-S aisturbznce amplification factors  with t h e  tr=nsition 
location for each case. 
o To use these results t o  assess t h e  interaction of C-F and 1-5 disturbances during 
t h e  transition process. 
221 Flight Tcrt Data Analysis k., 
The flight t e s t  da ta  consisted of pressure distributions and boundary layer velocity 
profiles measured a t  a single spanwise stat ion on t h e  glove. For eat3 case, in addition 
t o  t h e  natural transition flight, a t  least  one flight was made in which transition was 
forced with a t r ip  s t r ip  at a known chordwise location on t h e  glove. 3 y  computing t h e  
dirplacemmt-thickness Reynolds number f om t h e  measured velocity profile for each 
of these  forced transition flights and comparing it to tha t  of t h e  natural transition 
flight, t h e  natural transition location for a given case was determined. Theoretical  ! 
boundary layer calculations were  used t o  aid in t h e  analysis. Details of t h e  anaiysis I 
method a r e  given in Appendix .A. I !  
I 
t .  
-- 
I 
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The boundary layer stability analysis was performed using Boeing computer p r o g r a m  
with input data  consisting of measured pressure distributions, Reynolds numbers, Mach 
numbers and glove sweep angles. This analysis yielded t h e  maximum disturbance 
amplification factor as a function of chordwise location for both C-F and T-S 
disturbances. The measured transition location for each case (as determined in t h e  
first part  of t h e  study) was then used t o  determine t h e  C-F and T-S disturbance 
amplification factors at transition for each case. 
3.0 SYMBOLS AND ABBREVIATIONS 
3.1 ACRONYMS 
C-F 
DELTA 
KS 
LFC 
NCF 
NLF 
NTS 
RDTH 
REC 
TACT 
T-S 
TRANS 
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crossf low 
boundary layer thickness (height above surface at which velocity is 
99% of local freestream velocity) 
component of dimensional wave number parallel t o  the  
leading edge 
laminar flow control 
crorsf low disturbance amplification factor 
natural laminar flow 
Tollmien-Scidichting disturbance amplification factor 
displacement thickness Reynolds number 
Reynolds number based on chord 
Transonic Aircraft Technology 
Tollmien-Schlichting 
transition location, x/c 
3.2 MATHEhAATIW SYMBOLS 
disturbance amplitude 
disturbance amplitude at neutral stability point 
chord 
average chord 
airplane l i f t  c a f f  icient 
pressure coefficient 
pressure coefficient based on velocity normal to  giove leading 
edge 
component of dimensional wavenumber in direction of glove 
leading edge 
amplification factor 
Mach number 
disturbance amplification factor (In A/%) 
P pressure 
Q dynamic pressure 
R a +  = RDTH displacement thickness Reynolds number 
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3 3  SUBSCRIPTS 
Reynolds number based on chord (il,clu ) 
normalized arc length from leading edge along glove surface  
velocity a t  edge of boundary layer 
undisturbed reference velocity 
component of v e l x l t y  parallel t o  boundary layer rake 
component of velocity paral!el t o  local potential flow direction 
component of velccity normal t o  local potential flow direction 
normalized distance from leading edge along airfoil chord 
distance h o v e  glove surface  
normalized airfoil ordinate 
angle of attack 
boundary layer thickness (height above surface  a t  which velocity 
is 99% of local f rees t ream velocity) 
boundary layer displacement thickness 
sweep arlgle 
dynamic viscosity coefficient  
denotes edge of boundary layer 
lower surface  
leading edge 
normal t o  glcve leading edge 
trailing d g e  
transition 
upper surface  
undisturbed r e i e r e r x e  condition 
4.0 CONFIGURATION AND FLIGHT TEST DESCRIPTlON 
A program initiated by NASA-Dryden Flight Research Center (DFRC) resulted in rhe 
design of a natural laminar (NFL) flow airfoil. This NLF airfoil was developed jointly 
by NASA-Dryden Flight Research and Langley Research Centers as a part  of the  
Aircraft Energy Efficiency (ACEE) program. The airfoil was designed to  have 
favorable pressure gradients over 50% of the lower surface and 65% of the upper 
surface. A partial wing glove incorporating this airfoil was designed by NASA t o  f i t  
over the outer wing panels of the variable sweep F-111 Transonic Aircraft Technology 
(TACT) airplane. A photograph of the F-111 with NLF gloves in flight and a planform 
view of the glove and airplane are shown in Figure 1. A sketch of the NLF airfoil is 
shown in Figure 2. Airfoil coordinates are given in Appendix 8. 
The glove airfoil d o n  was defined t o  be streamwise for a leading-edge sweep angle 
of 10 deg. The glove leadmg-edge sweep angle was controllable from 9 t o  26 deg. i 
. . 
Both wings of the F-111 were f i t ted with NLF gloves. The right glove was A* 
instrumented t o  measure pressure disxributions and boundary layer veiocity profiles. A .=. 
i <. 
row of upper and lower surface pressure orifices was located a t  the midspan of the 
A ?P 
glove. The lef t  glove was added for symmetry. 
! 
A boundary layer rake was located at 90% of the chord on both the upper and lower 
surfaces for the first  17 flights, and at 60% chord on the upper surface, and 5096 chord 
on the lower surface for the last two flights. The boundary layer rakes were 4 inches 
high and consisted of 18 pressure probes each. The boundary layer rakes and the 
pressure orifice rows were aligned in the streamwise position relative t o  the flow for a 
wing sweep of 10 deg. 
The boundary layer velocity profiles measured by the rakes were the primary means of 
determining the transition location for each case. In order t o  calibrate data derived 
, 
from the measured velocity profile for natzral transition (clean wing) against the 
boundary layer transition location, flights were made for which transition was forced 
I by a boundary layer trip strip attached to the surface of the wing. Forced transition i 
flights were made with the trip a t  5% chord when the rakes were in the forward i 
location, and for five trip locations ranging from 5% t o  50% chord when the rakes . , i  I 
were a t  90% chord. 
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0 Airfoil NLAM78 
/ F = 3.06 m (10.03 ft) 
Re, = 25 x 1 O6 
Figure 2. F- 7 7 7 NLF Glove Geometry and Calculated Pressure 
Nineteen flights were made at alt ituces of either 9!44m (30 000 f t )  or 7620m (25 000 
f t )  and at Mach numbers ranging from 0.80 to 0.82. The resulting Reynolds numbers, 
based on the average chord of the  glove, veried from about 23 million at 91 44m (3@ 
000 ft) t o  about 29  million at 7620m (25 000 fti .  The glove leading-edge sweep knqle 
varied from 9 t o  26 deg. 
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5.0 FLIGHT TEST DATA ANALYSIS 
5.1 METHOD OF ANALYSIS 
ORIGINAL P*pg a 
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.4 to ta l  of 34 cases were selected for analysis in t h e  present study. A single case 
consisted of one glove surface  (either upper or lower! at a specified flight condition 
and sweep angle. The measured da ta  for each case consisted of the  pressure 
distribution and t h e  boundary layer velocity profile at t h e  rake location for t h e  natural  
transition (clean wing) flight and for 1 t o  5 forced transition flights in whlch the  
boundary layer was tripped at specified locations. The objective of this analysis was 
t o  determine t h e  transition location for t h e  clean wing flight for each case. Because 
t h e r e  is less uncertainty involved in determining 6+ than in determining 6 from t h e  
measured velocity profiles, Rs + (at the  rake location) was chosen as t h e  best 
nondimensional parameter for correlation with t;le transition location. The forced 
transition flights allowed t h e  t rend of R 6  + with transition location t o  be determined. 
The value of Rb + corresponding t o  t h e  clean wing flight was then used t o  determine 
the  natural  transition location. The method of analysis is summarized in Figure 7 and 
discussed in Appendix A. 
AS shown in Figure 3, s t e p  1 was t o  determine t h e  displacement thickness Reynolds 
number (R6 *) for t h e  clean wing flight f rom i ts  measured velocity profile. A Boeing 
boundary layer program, .4552, was then used t o  compute t h e  expected trend of R 6 * 
(at t h e  rake  location) with changes in t h e  transition location for t h e  clean wing flight 
conditions (step 2). A552 is a computer program for finite-difference calculation of 
compressible laminar or turbulent boundary layers on infinite (untapered) swept wings. 
Primary inputs t o  t h e  program a r e  t h e  pressure distribution normal t o  t h e  leading 
edge, Reynolds number, and Mach number. The primary outputs a r e  t h e  boundary 
layer temperature  profile and t h e  boundary layer velocity profiles, which a r e  parallel 
and perpendicular t o  t h e  local potential flow streamline. In s tep 3, A552 was used t o  
compute Rb * at t h e  rake  location with various specified transition locations and with 
t h e  flight conditions corresponding t o  those  of t h e  appropriate forced transition flight. 
The R6 * values were then determined for each of t h e  forced transition flights  fro^ I 
t h e  measured velocity profiles (step 4). These R6 * values were  then adjusted (step 5) 
t o  clean wing fligl t conditions by shifting by t h e  difference in R 6 * between s tep  2 
and s tep 3. In s t e p  6 a line was faired through t h e  results of s t ep  5 using t h e  s tep 2 
A552 resul ts  a s  a guide t o  t h e  slope of t h e  line. The location a t  which this line 
R * + ,  
d~rplacement 
thckness 
Reynolds No. 
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n 
e/ = Condit~ons when forced transltlon 
flight test data points were taken: 
M, Re, pressure distributior,, 4, .I 
%' + = Cond~tions when clean wlng fl~ght 
test data were taken 
M, Rec, pressure d~str~burion, a, \ 
. . 
4 .  
w 
Q Flight test data wrth forced trans~tion 
a t  varlous po$ions - 
* \  Y Fa~r~ng - 
Q conditlon 
P 
' 1  w 
- Fllght test measured Final transltlon 
R6 + for clean-w~ng- point = intersect~on 
cond~tion 8 of fa~ring of 
polnts w ~ t h  measured 
f=? 
I 
transit~on posltlon I A552 snalys~s w~rh  
specified - I trans~tion posltlon 
condition I spec~fied - I .-, 
I condltlon '& 
I 
Trans~tion posltlon, % chord 
Figure 3. Data Analysis Method 
intersected t h e  line of s t ep  1 corresponds to t h e  transition location for this case (step 
7). The scatter in the  adjusted test da ta  for t h e  forced transition flights (step 5) 
resulted in some uncertainty in t h e  transition location. The amount of sca t t e r  varied 
from case t o  case, a s  shown in Appendix C. 
A summary of t h e  results for al l  34 cases is given in Table 1. The extent  of laminar 
flow was found t o  vary from 0% (case 7) t o  56% (case 16). In general, t h e  upper 
surface results at a g i , m  sweep angle show a greater  extent  of laminar flow than on 
t h e  lower surface. The variation of transition location with sweep angle is shown in 
Figure 4. On t h e  upper surface, t h e  maximum ex ten t  of laminar flow varies frorn 56% 
chord at a sweep angle of 9 deg t o  21% chord a t  a sweep angle of 25 deg. 3 n  t h e  
lower surface, t h e  m a x i m ~ m  extent  of laminar flow varies frorn 51 % chord at a sweep 
angle of 15 deg t o  6% chord a t  a sweep angle of 25 deg. The lower surface  cases t h a t  
show transition a t  3 1 9  chord or greater  a r e  from flight 146 and do not seem t o  follow 
t h e  trend of t h e  o t h a  lower surface  cases. These were cases 26 through 34 and, as 
shown in Appendix C, t h e  flight test results do not show anything unusual. Mowever, 
as can be  seen from Table 1, 10 of t h e  20 lower surface cases analyzed a r e  from 
various da ta  runs taken during flight 161. I t  is possible t h a t  t h e  large  extent  of 
laminar flow for cases 26 through 34 is an indication t h a t  external  disturbances 
(possibly insect contamination) may have affected t h e  transition iocation for all cases 
from flight 161, but not for cases 26 through 34, which a r e  from flight 146. 
Bccause t h e  l if t  coefficient  varied from case t o  case, no conclusions can be  drawn 
from t h e  results concerning t h e  e f fec t  of Reynolds number. Beceuse the re  was some 
sca t t e r  in t h e  flight test da ta  used t o  determine t h e  transition location for each case, 
some uncertainty was associated with each of t h e  est imated transition Iscations. The 
magnitude of this uncertainty was not estimated. 
The extent  of laminar flow on t h e  upper surface  would probably have been greater  if 
bumps (waves) in t h e  pressure distribution had not been present. These Sumps a r e  
present only at cer ta in  flight conditions and a r e  apparently caused by shocks 
propagating onto t h e  glove from t h e  inboard wing, not by defects  (such as waves) in 
t h e  glove itself. 
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Figure 4. Transition Locatron Versus Sweep 
Details of the  case  by case analysis, including pressure distributions and boundary 
layer velocity profiles, are in Appendix C. 
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6.0 BOUNDARY LAYER STABILITY ANALYSLS 
Nearly all previous laminar flow flight t e s t  investigations dealt  with e i ther  low sweep 4 
configurations (leading-edge sweep angles of about 10 deq or less), in which Tollmien- I 
i 
Schlichting (T-S) disturbances were t h e  primary cause of transition, or high sweep I 
configurations (leading-edge sweep angles of 30 deg w larger), in whicn crossflow I i
(C-F) disttrbances were t h e  primary cause of transition. Because t h e  F- 11 1 da ta  t 
4 
cover a range of sweep angles from low t o  high, there a r e  many cases in which both 
amplified C-F disturbances and amplified T-S disturbances a r e  present at t h e  
transition location. Because of these  cases, these  results provide insight in to  how t h e  i !; C-F and T-S disturbances in teract  during t h e  boundary layer transition process. T o  
under;iand this interaction, a boundary layer stability analysis was performed for 25 of i 
t h e  F- 11 1 data  cases. 
6.1 LINEAR STABILITY THEORY 
Current methods of predicting boundary layer transition a r e  based on t h e  linear 
boundary layer stzbility theory (refs. 9 t o  16). The basic premise of th is  theory is  t h a t  
transition is caused by t h e  amplif icatior, of initially small boundary layer disturbances 
at; they propagate downstream. The r a t e  at which a disturbance is ampl i f ie j  depends 
on i t s  frequency and propzgation direction. When t h e  amplitude of t h e  disturbance 
becomes large enough, i t  wi!! begin t o  cause distortions of t h e  mean flow of t h e  
laminar boundary l tyer,  eventually resulting in transition t o  turbulent flow. .Although 
t h e  later  stages of transition a r e  beyond t h e  scope of t h e  theory, i t  still provides t h e  
best currently available basis for correlating transition data. 
By solving t h e  equations for linearized three-dimensional boundary layer stability (ref. 
14), t h e  amplification r a t e  of small disturbances in t h e  boundary layer can be  
computed at each point doing t h e  surface. The ra t io  of t h e  disturbance amplitude? .A, 
at any point t o  i t s  amplitude, Ao, at t h e  neutral stability point can be computed by 
integrating t h e  amplification r a t e  along t h e  wing surface. The quantity In is 
calied the  amplification factor. By correlating measured transition locations with 
computed amplification factors  for many cases, t h e  amplification facts  at which 
transition is  likely t o  occur for a given disturbance environment can be inferred. The 
amplification factor  can then be used t o  predict t h e  transition location for a case in 
which tha t  location has not been measured. Thus, t 9 e  determination of t h e  allcwable 
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amplification factor  for t h e  primary disturbance modes is  t h e  key :o useful application 
of t h e  method. 
3 n  a high-speed swept wing the re  a r e  four basic types of laminar boundary lave: 
instabilities t o  be considered (refs. l ?  and 18). These are: (1) T-S, (2) C-F, (3) Taylor- 
Coertier ,  and (4) leading-edge a t tachment  !ine stability. 
T-S instability has a direction of propagation (direction of wavenumber vector) close 
t o  t h e  !ocal f rees t ream direction. Amplification of T-S disturbances is small  in 
regions of favorable pressure gradient and large  in regions of adverse pressure 
gradient. 
\ C-F i n s t a l X t y  has a direction of propagarion nearly perpendicular t o  t h e  local 
f rees t ream direction. C-F in t h e  boundary layer results from t h e  combination of wing 
sweep and pressure gradient and is most severe  in t h e  wing leading-edge and trailing- 
edge regions, where pressure gradients a r e  largest. 
Taylor-Coertler mstability occurs primarily in t h e  flow over concave surfaces. 
Because t h e  F-1 l l natural  laminar flow (NLF) g!.we does not have concave surfaces in 
t h e  region designed t o  have laminar flow, th is  type of instability was not considered in 
th is  study. 
Attachment line instability refers  t o  t h e  behavior of the  boundary laver along t h e  
forward stagna:ion or a t t achment  line; i.e., t h e  focus of points for which t h e  
chotdwise veiocity is zero. The boundary layer flow along t h e  a t t achment  line can be 
either laminar or turbulent depending on Reynolds number and environment, as 
described ir. Reference 18. If t h e  a t rachment  line flow does become turbuient, t ie  
flow over t h e  wing will be  turbulent also. 
Detailed stability calculations a r e  not required t o  assess a t tachment  line instability; 
t h e  boundary laver s t a t e  depends primarily on t h e  boundary layer thickness Reynolds 
number. i-lowever, the re  is an intermediate !?evnolds number range where t h e  
boundary layer can be either laminar or turbulent depending on environment and fiow 
history . 
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The potential for a t tachment  line transition on t h e  F - I l l  NLF glove i s  analyzed i n  
Reference 19. The in termediate  Reynolds number range mentioned in t h e  preceding 
paragraph occurs at sweep angles of 23 t o  3: deg for t h e  F- 1 1 1 laminar flow glove test 
conditions and wing geometry. 
None of t h e  25 cases selected for t h e  boundary layer stability analysis had transition 
a t  t h e  leading edge, so  a t tachment  line instability apparently was not a problem in 
these  cases. 
6.1.1 Previous Studies 
In previous studies, various linear boundary layer stability methods were calibrated 
against wind tunnel and flight test data. Variation from study t o  study in t h e  
amplification factors  at transition is  t o  be  expected, Seca t se  t h e  calculation methods 
and t h e  flow environment, both of which a f f e c t  t h e  amplification factors  at transition, 
varied from study t o  study. J a f f e  et al. (ref. 9) found tha t  T-S transition correlated 
with an amplification factor  of 10. Srokowski and Orzag (ref. 11) used an envelope 
method t o  analyze wind tunnel d a t a  and found t h a t  T-S-caused transition corre la ted 
with an emplification factor  of 12 and C-F-caused transition correlated with 
amplification factors  rangir,g from 10 t o  11. In t h e  envelope method, t h e  disturbance 
frequency was kept fixed as t h e  disturbance propagated downstream, but t h e  d i s t u r b  
ance wavelength was allowed t o  vary t o  maximize t h e  disturbance amplification r a t e  
at each point along t h e  wing. Runyan ana George-Falvy (ref. 16) used a constant wave 
angle method and found that  C-F-caused transition corresponded t o  an amplification 
factor of 12 and T-S-caused transition corresponded t o  an amplification factor  of 15. 
The T-S result  of 15 was based on a case for which t h e  disturbance environment was 
favorable (sailplane in f r e e  flight). This value, therefore,  is probably an upper bound 
tha t  may be difficult t o  achieve in cases  where engine noise w other disturbance 
source is present. 
The previous studies did not assess t h e  possible interaction of T-S and C-F disturb- 
ances during t h e  process leading t o  transition. This assessment was t h e  primary 
objective 4f t h e  boundary layer stability analysis conducted in this study. 
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The procedure for t h e  overal! stability analysis is illustrated in i'igure 5. The 5ound;l.y 
laver characterist ics a r e  analyzed using a Boeing boundary layer program, .4552. 'The 
b o u n ~ ~ , - y  layer temperature  and velocity yof i l e s ,  which are t h e  primary o u t p ~ t  bi 
A552, become t h e  primary input t o  t h e  stability program, which is a Toeing 
modification of a computer program known as t h e  MACK code (ref. 20). This program 
solves t h e  boundary layer stability equations for three-dimensional, linearized, parall t i  
flow for a perfect  gas and can calculate ei?her spatial  (used in this study) or temporal  
stability. The program was used t o  calculate disturbance growth curves, such as those  
shown in Figure 5. (For a discussion of spatial versus temporal  stabilitv, see ref. 10.) 
The disturbance growth direction used t o  compute  amplif icarion f acrors was along t h e  
local potential flow streamline. Mack (ref. 14) determined tha t  this was a satisfactory 
approximation t o  t h e  actgal  growth direction, which is equal t o  t h e  real  part  o i  t h e  
group velocitv angle. T5e MACK code can compute ei ther incompressible or 
compressible stability. In t h e  present study, compressible stability was used for all  t h e  
calculations. The sixth order equations (which neglect dissipation) were  used instead 
of t h e  complete eighth order equadons. This use resulted in a significant reduction in 
computation t ime, and? a s  shown by Mack (ref. I%), results given by t h e  sixth order 
equations for a transonic swept wing differed from Those of t h e  eighth order equations 
by only a few percentage points. 
T-S dis.turbances were  followed downstream, keeping frequency and wave angle fixed. 
Relative t o  t h e  local s t ream direction, this wave angle was 40 deg on t h e  upper 
surface  and 25 deg on t h e  lower surface, where t h e  local Mach number is lower. These 
wave angles were determined by varying ?:he wave angle a t  fixed locations on t h e  
upper and lower surfaces for selected cases. They correspond closely t o  t h e  wave 
angles for maximum disturbance amplification. This is assumed t o  be t r u e  for similar 
cases analyzed in this study. 
C-F disturbances were followed downstream? keeping t h e  frequency fixed and let t ing 
t h e  wave angle vary in accordance with t h e  irrotationaiity condition applied t o  t h e  
wavenumber vector, a s  proposed by Mack (ref. 13). In case  3? a comparison was made  
between t h e  C-F amplification factor  at transition obtained using t h e  constant wave 
angle approach (ref. 16) t o  follow crossflow disturbances downstream, and The factor  
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Figure 5. Stability Analysis Procedure 
obtained,  using t h e  irrotationality condition. The constant wave angle approach 
resulted in an amplification factor  of 6 at transition; t h e  irrotationality condition 
resulted in a value of 7. 
Both Mack (ref. 14) and Srokowski and Orzag (ref. 11) found stat ionary crossflow 
disturbances !zero frequency) t o  be t h e  most highly amplified. Wack showed t h a t  
application of t h e  irrotationzlity condition t o  stat ionary crossflow disturbances 
resulted in nearly constant wavelength disturbances, except  for a small region of rapid 
change near t h e  leading edge. Hefner and Bushneil (ref. 21) studied a number of cases 
and found t h a t  t h e  most highly amplified crossflow disturbances sometimes did not 
occur at or near zero frequency but at significantly higher frequencies. 
The e f fec t  of frequency on crossflow disturbance amplification was studied for 
case 21. The application of t h e  irrotationality condition t o  a 939-Hz disturbance 
resulted in 13% higher amplification than did application of t h e  irrotationali ty 
condition to  a stationary crossflow disturbance. Although this result indicates tha t  
slightly higher crossflow amp1ificz:ion factors  might have resulted for some cases if 
higher frequency disturbances had been analyzed, i t  is ~ c l i k e l y  tha t  the  basic 
conclusions of t h e  study would have been affected.  Furthermore,  any transition 
cri terion i s  only applicable t o  t h e  method used t o  derive it. The one derived here  is, 
therefore,  applicable t o  t h e  commonly used method of considering only stat ionary 
crossflow disturbances. 
As shown by Mack (ref. 14), t h e  reslrlt of applying t h e  irrotationali ty condition t o  an 
infinite swept wing analysis is t h a t  t h e  spanwise (in t h e  direction of t h e  wing leading 
edge) component of the  dimensional wavenumber, a* , must remain constant a s  t h e  
r~ 
disturbance propagates downstream. Theref ore, in defining t h e  envelope of C-F 
disturbances, disturbances having a range of a f r  values a r e  followed downstream, 
with t h e  frequency kept a: zero. S 
6.2 RESULTS 
Twenty-five cases were selected for t h e  boundsry layer stability analysis. These cases ! 
were selected because of their  potential t o  provide insight into t h e  interaction 
between T-S and C-F dis tu rbaces .  Fourteen of t h e  cases  studied were f w  t h e  lower 
surface  of t h e  glove, and t h e  other 11 were  for t h e  upper surface. 
2 6 
- 
% wf. -- I ; i 8 '  - -  ,. ' ? 
i 4. '> . .* ' 
The compressible C-F and T-S stability envelopes, with corresponding pressure 
distributions, are shown in t h e  following figures. For T-S disturbances, t h e  lines 
represent the  envelope of a range of T-S disturbance frequencies. For the  C-F 
disturbances, t h e  lines represent t h e  envelope of crossflow disturbances with a range 
of values of t h e  spanwise component of the  dimensional wavenumber, a * . Detailed 
disturbance growth curves for each case  a r e  in Appendix D. s 
The transition location for each case, t h e  determination of which was described in 
Section 5.3, is used with t h e  C-F and T-S envelopes t o  determine t h e  C-F and T-S 
amplification factors  at transition. These amplification factors  a r e  given in Table 1. 
Cases 2 and 3 (figs. 6 and 7) a r e  lower surface cases. Case  2 has a Reynolds number of 
22.7 million and a sweep angle of only 9.0 deg. As a result,  case 2 has very low C-F 
amplification factors. Case  3 has a higher sweep angle (16.0 deg) and a higher 
Reynolds number (28.2 million) than case 2, and as a result,  it has much higher C-F 
amplification factors. .At transition, case 3 has a C-F amplification factor  of 6.3, 
compared with 0.6 for case 2. Neither case 2 nor case 3 show much amplification of 
T-S disturbances with amplification factors  a t  transition of 0.8 for case 2 and Q.7 for  
case 3, 
Cases 6 and 8 (figs. 8 and 9 )  a r e  also lower surface cases. Case  6 has a sweep angle of 
i9.0 deg and Reynolds number of 23.3 million, and case  8 has a sweep angle of 21.7 deg 
and Reynolds number of 23.6 million. As shown in Table 1, case 6 has at transition a 
C-F  amplification factor of 4.8 and a T-S of 0.4, and case 8 has a t  transition a C-F 
amplification factor  of 7.0 and a T-S of 0.4. 
Cases 12, 13, and 15 (figs. 10, 11, and 12) a r e  upper surface cases for which t h e  
boundary layer rake was in t h e  forward location (60% chord). The cases a:l show 
significant amplification of both C-F and T-S disturbances at transition. 
Cases 16 through 24 a re  also upper surface  cases but for flights having t h e  aft-rake 
location (90% chord). Cases 16, 17, and 18 (figs. 13, 14, and 151, which a l l  correspond 
t o  a very low sweep angle of about 9 deg, have no C-F amplification and large  T-S 
amplification factors. Cases 19, 20, and 21 (figs. 16, 17, and 181, which all  5ave a 
sweep angle of about 16 deg, have some crossflow amplification, but i t  is still  less than 
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the T-S amplification. Cases 22 and 24 (figs. 19 and 201, which both have sweep angles 
of about 25 deg, have large amplification of both C-F and T-S disturbances. 
Cases 25 through 34 (figs. 21 thorugh 30) a r e  f w  the  lower surf ace with the rake in t he  
a f t  location. The sweep angle varies from 9 t o  16 deg for these cases. Crossflow 
amplification was not calculated for cases 23, 29, and 30 because they were a t  low 
sweep angles and were almost duplicates of other cases. For cases 23 and 29, t he  
crossflow results of case 27 were used, and for case 30 the crossflow results of case 31 
were used. The T-S amplification factors for those cases that had transition at about 
51% chord could only be estimated due t o  the  rapid change in T-S amplification in tha t  
area. The transition could have been caused by laminar separation or the  rapid growth 
of T -5 disturbances due t o  the  adverse pressure gradient. The cases from flight 146, 
cases 26 through 34, show much longer laminar runs than the other lower surface 
cases, but the  amplification factors a t  transition a r e  generally not a great deal higher. 
Stability analyses alone do not show why tha t  one flight had the  longer lower surface 
laminar runs. 
In Figure 31, t he  T-S amplification factor a t  transition (NTS) has been plotted versus 
t h e  C-F amplification factor a t  transition (NCF) for each of the cases analyzed. As 
indicated in the  figure, different symbols have been used for the upper surface-aft 
rake cases, the  upper surface-forward rake cases, and the  lower surface cases. 
I t  should be noted that  the measured boundary layer velocity profiles for cases 16, 17, 
and 18 (shown in figs. 8-30, B-31, and 8-32 in app. B) indicate that there may be some 
flaw separation or incipient flow separation at the rake location. However, this does 
not necessarily invalidate the use of the  data for these three cases. If the  velocity 
profile data  still show the correct trend with change in forced transition location, then 
t h e  clean wing profile data can be expected to  give a valid estimate of the transition 
location. It can be seen from figures a-30, 0-31, and 6-32 that  the boundary layer 
thickness d varies in a reasonable manner with changes in the forced transition 
location. Abo, Figures C-16, C-17, and C-18 in Appendix C show that the trend of 
measured displacement thickness Reynolds number, RDTH with forced transition 
location is in general agreement with the AS52 estimate, with no more scat ter  than is 
present for most of the  other cases. Furthermore, a comparison of the boundary layer 
thickness for a given forced transition location between m y  of cases 16 through IS 
(figs. 8-30, 8-31, and 6-32) with any of cases I ?  through 21 (figs. 3-33, 3-34, and 
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8, in general, have 
slightly thinner boundary layers than cases 19 through 21. This is t h e  expected trend, 
given tha t  t h e  primary difference is tha t  cases 19 though 21 a r e  for 16-deg sweep 
instead of the  9-deg sweep f o r  cases 16 though 18. If severe  separation were  present 
f o r  case 16 through 18, they would have had much thicker boundary layers at t h e  rake  
location than cruv.3 19 through 21. These  observations indicate t h a t  t h e  separation in 
case 16 through !8 did n o t  begin very f a r  ahead of t h e  rakes and is not severe  enough 
to invalidate t h e  use of t h e  data. 
In Figure 32, envelopes have been drawn around all  t h e  upper surface  points and all  t h e  
lower su r face  points shown in Figure 31. I t  can b e  seen t h a t  t h e r e  is a cnnsiderable 
difference 'Detween t h e  upper and t h e  lower surfaces. If t h e  external  disturbance 
conditions were  t h e  s a m e  on both surf aces, theory indicates tha t  they should both show 
t h e  sane amplification factor  trends at  transition. However, t h e  lower surface  shows 
transition at much lower C-F and T-S amplification factor  combinations than does t h e  
upper surf ace. This indicates t h a t  larger external  disturbances may have been present 
in t h e  lower su r face  environment than were present in t h e  upper surface  environment. 
As discussed in Section 5.2, a l l  lower surface  cases  tha t  were  analyzed except cases 25 
through 34 were  b; std on d a t a  taker, during flight 161. I t  is possible t h a t  t h e  external  
disturbances tha t  a f fec ted  d a t a  taken during flight 161 were  not present during flight 
146, on which case 26 through 34 are based, resulting in t h e  much larger extent  of 
laminar flow for these  cases. For example. case 26 (flight 146) showed 51% chord 
laminar flow, whereas case 4 (flight 161) at  t h e  same Reynolds number and swee? and 
with a similar pressure distribution up t o  4 0 8  chord, showed only 12% laminar flow. 
Thb comparison suggests tha t  some form of contamination was present during fl isht  
161 t h a t  was not present during flight 146. This is also supported by t h e  fact tha t  all 
th ree  upper surface  cases taken from flight 161 (cases 12, 13, and 15) show lower 
disturbance growth factors  relat ive to  t h e  other upper surface cases in Figure 3 1. 
Determining t h e  source of t h e  external  disturbances is highly speculative because 
t h e r e  is insufficient evidence t o  support any specific cause. 
The possibility of engine noise causing t h e  lower surface  to  have transition with low 
amplification factors  was considered by examining case 25. As shown in the  
photoqreph in Figure 33, t h e  engine inlet on t h e  F-111 is located a f t  of t h e  leading 
edge at t h e  side-of-body. Thus, t h e  lower surface  could be exposed t o  engine inlet 
5 5 
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nobe,  especially at high Ma& numbers, but  t h e  upper surface would b e  shielded from 
such noise. Engine noise could exc i t e  T-S disturbances, because such noise tends to 
have peak energy in t h e  s a m e  f requewy range as most highly amplified T-S 
disturbances (2000 t o  8000 Hz). C-F disturbances probably would be affected l e u  than 
T-S disturbances because their highest amplification usually occurs a t  lower f r q u e n -  
cia. This might result in t h e  type of envelope shown in Figure 32 for t h e  lower. 
surface, because T-S disturbances of large initial amplitude require much less 
amplification before causing transition than do t h e  normally infinitesimal distur- 
bances. Although t h e  possibility of engine noise contamination on t h e  lower surface  is 
plausible, t h e r e  was no apparent  e f f e c t  on transition location when t h e  engine on t h e  
right-hand wing of t h e  F-111 was throt t led  back for case 25. The results of case 25 
thus  raise doubts about this hypothesis. 
In addition t o  external  disturbances, t h e  low transition amplification factors  for t h e  
lower surface  may be due  t o  a change in t h e  C-F and T-S interaction for areas  of 
I o w a  velocity Like wing lower surfaces. Overall, t h e  results provide t h e  following 
insights: (1) The  results indicate t h a t  T-S and C-F disturbances in teract  t o  reduce t h e  
amplification factors of T-S and C-F  disturbances at transition relat ive to  those 
accurring w h m  transition is caused by a single type of disturbance. (2) .Although firm 
conclusions cannot b e  drawn because of the limited number of points, i t  appears that ,  
as t h e  C-F amplification factor  a t  transition increases from 0 t o  2, the re  is a 
significant decrease  in t h e  corresponding T-5 amplification factor  a t  transition. The 
corresponding e f fec t  on t h e  C-F amplification factor at transition when t h e  T-S 
amplification factor at transition increases from 0 t o  2 appears to be much smaller. 
The points included in t h e  upper surf ace envelope of Figure 32 include both forward- 
rake  casts, for which only one forced transition caliuration flight was made, and aft-  
rake casts for whic! f ive  forced transition calibration flights were  made. Because of 
t h e  more exact calibration of t h e  aft-rake cases, the re  is a higher degree  of 
confidence in t h e  measurcd transition lacations for these cases. Figure 34 shows t h e  
envelope of only these upper surf ace,  aft-rake results. 
The envelopes in Figures 32 and 34 a r e  shown intersecting t h e  C-F axis a t  a level 
greater than nine. This fairing of t h e  curve was guided by t h e  resttlts of case 22 shown 
in Figure 19. In tha t  case t h e  C-F envelope rises rapidly t o  a peak value of about 9 a t  
5% chord, at which point the  T-S amplification factor  is O. Because this is well ahead 
I f - 1 1  l T R A N S I T I O N  N-FACTORS I 
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.of t h e  t ransi t ion locat ion at 20% chord,  t h e s e  values ind ica t e  t h a t  a C-F ampl i f ica t ion  
factor of 9, in t h e  a b s e n c e  of T-S d is turbances  does  not  c a u s e  transition. 
F igure  35 shows t h e  envelope  of t h e  upper sur face ,  a f t - r ake  resul t s  along wi th  t h e  
r ange  of amplif icat ion f a c t o r s  (N-factors)  found in previous s tudies fo r  T-S-caused 
transi t ion and for C-F-caused transition. These  resul t s  were obtained using seve ra l  
d i f f e ren t  methods, which cont r ibutes  t o  t h e  l a rge  r ange  of s ca r t e r .  .Vso shown is t5e 
assumption used in t h e  Hybrid Laminar  Flow Contro l  (VLFC) study (ref .  22). T 5 e  
r a n g e  of amplif icat ion f a c t o r s  for pu re  T-S transi t ion found in t h e  cu r ren t  s tudy is 
within t h e  r ange  of previous results. T h e  HLFC assumption is opt imis t ic  for  cases 
w h c r e  T-S disturbances a r e  t h e  primary c a u s e  of t rans i t ion  and conserva t ive  for  cases 
whcre  C - F  d is turbances  are t h e  primary cause.  
F igu re  36 shows t h e  e f f e c t  of assuming a 25% x /c  uncer ta in ty  in t h e  t ransi t ion 
location. As would b e  expected,  t h e  envelope  widens. However, i t  should b e  noted 
tha t ,  becauzc  of t h e  shape  of t h e  T-S and C - F  d is turbance  envelopes for t h e  cases 
involved, t h e r e  is very l i t t i e  change  in t h e  s i ze  of t h e  Sand for low C - F  amplif icat ion 
factors .  
Figure 37 shows t h e  t r a j ec to r i e s  followed by severa l  a f t - r a k e  cases in t h e  VTS-qCF 
plane. Cases  16, 17, and IS follow t h e  NTS axis  from its origin t o  their  r e spec t ive  
t ransi t ion locations because  none of t hese  cases 5 a v e  m y  signif icant  crassf low 
amplification. Cases 19, 20, and 21 follow t h e  YCF axis  o u t  ?o 3 level af about  2.5 ~t 
which point t h e  t ra jec tor ies  begin to  move ~ l p  in a direct ion general ly garal lel  t a  t h e  
NTS axis, indicat ing t h a t  t h e  C - F  amplif icat ion f ac to r s  recnain fairly cons t an t  as t h e  
T-S disturbances grow. C a s e  22 follows t h e  VCF axis  t o  a value of about  9 befo re  t h e  
T-S disturbances begin t o  b e  amplified. T h e  NCF values then  begin t o  dec rease  as 
YTS increases. C a s e  24 is similar t o  case 12 excep t  t h a t  case 24 r eaches  an VCF 
value  of only about  7.5 be fo re  T-S d is turbances  begin to  be  amplified. The t r a c e  of 
lower su r f ace  case 33 also is shown in Figure  37, although t h e  point of t ransi t ion 
cannot  b e  accura te ly  de termined because  of :he rapid increase  in VTS at t5e transitior! 
location. Cases 19, 20, and 30 show a drop f rom peak VT5 levels  t o  t h a t  level  a t  
transition. This could indica te  t h a t  t ransi t ion ac tua l ly  ~ c c u r r e d  farward  of t h e  
locat ions given by t h e  t ransi t ion analyses or :hat t h e  mechanism causing t rans i t ion  
cannot  b e  fully explained by linear s tabi l i ty analyses. Yevertheless ,  if !inear t h e m y  is 
used t o  establish a transi t ion cr i te r ia ,  it seems reasonable t o  include t h e  ~ a x i m u m  
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vzlues of the NTS-NCF traces of cases 29, 30, and 33 in determining t h e  transition 
criteria envelopes. The change t h a t  this makes to  t h e  envelopes shown in Figure 32 is 
i l lustrated in Figure 38. 
Ir. Reference 19, a dab i l i ty  andys i s  of t h e  F-1 l !  NLF glove at selected flight 
conditions was made before t h  flight test and was based on wind-tunnel-measured 
pressure distriSutions. The differences between the  results of t h a t  study and the  
results of the current study can be attr ibuted to differences between t h e  ac tua l  
pressure distributions measured in flight and those measured in t h e  wind tunnel. The 
bumps in t h e  midchord region of t h e  upper surface flight-test pressure distributions did 
not  occur in t h e  wind tunnel test. The e f fec t  of these bumps can be seen by 
comparing t h e  results of case 16 of t h e  current  study, which had a bump, with t h e  
results  of case 2 of Reference 19, wnic9 did not have a bump. Case 16 had a ieading- 
edge sweep angle of 9.0 deg and a chord Reynolds number of 23.1 rnlllion. Case  2 af 
Reference 19 had a leading-edge sweep angle of 10 deg and a chord Reynolds number 
of 25.0 million. Transition for case 16 was a t  56% chord. where t h e  T-S amplification 
fac to r  was 7.8 and t h e  C-F amplification fac to r  was 0. A t  56% chord, case 2 had a 
T-S amplificarion factor of about 3.5 and a C-F amplificstion factor  of about 2.3. 
Thus, for  case 16, t h e  bump resulted in an  adverse pressure gradient t h a t  accelera ted 
t h e  growth of T-S disturbances and damped out  t h e  growth of C-F disturbances. 
When t!!ere were no bumps in the  pressure distribution, t h e  current resuits a r e  similar 
to  those of Reference 19. ..in example of this is seen by comparing case 22 i f  the 
current  study To case 5 of Reference 19. Case 22 had a leading-edge sweep angle of 
25.2 deg and a chord Reynolds number af 28.9 million. Case 5 had a leading-edge 
sweep angle of 26.0 deg and a chord Reynolds number o i  25.0 mlllion. Case  22 had a 
transition location of 20% chord, where t h e  T-S amplification factor  was 5.5 and t h e  
C-F amplification factor  was 6.7. A t  20% chord, case 5 of Rer'erence 16 had a T-S 
amplification factor  of about 6 and a C-F amplification factor  of about 7. Thus, t h e  
results of t h e  current stability analysis and those of Reference 19 are similar except 
for differences resulting from pressure distribution changes. 
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7.0 CONCLUSIONS AND RECOMMENDATIONS 
7.1 CONCLUSIONS 
The analysis of 34 selected cases of F-111 flight t e s t  d a t a  t o  determine t h e  measured 
transition location and t h e  analysis of boundary layer stability of 25 of those  34 cases 
indicate t h e  following: 
o T h e  maximum extent  of laminar flow attained on the  upper surface  varies f r m  
56% chord at 9-deg sweep t o  21% chord at 25-deg sweep, with chord Reynclds 
numbers in t h e  range from 23 t o  28 million. The  maximum extent  of laminar 
flow at ta ined on t h e  lower surface  varies from 51% chord at 16-deg sweep t o  6% 
chord a t  25-deg sweep. 
o Results of t h e  stability analyses show tha t  when both crossflow (C-F) and 
Tollmien-Schlichting (T-S) disturbances a r e  amplified, they in teract  and reduce 
t h e  maximum amplification factor  of e i t !~er  disturbance tha t  can be  tolerated 
without causing transition. This interaction may produce even greater  reduc- 
tions on t h e  lower surface  where velocities x e  lower. 
o The stability analyses for t h e  upper and lower surfaces show significantly 
different theoretical  amplification factors  at transition. There is no theor t t i c a l  
explanation of this difference but i t  coilld be  due to  extraneous disturbances such 
as noise or surface  contamination. The airplane ~- - r l t e t ry  would tend to  shield 
t h e  upper surface  from engine noise. 
o There  is uncertainly associated with t h e  measured transition locations, beczuse 
t h e  transition locatian was inferred from measured boundary layer velocity 
profiles and was not measured directly. The magnitude of this uncertainty was 
not estimated. 
7.2 RECOMMENDATIONS 
o Engine noise levels at t h e  glove location on t h e  F-111 T.\CT airplane should be  
measured on both t h e  upper and lower surface  so t h a t  the  possibility of noise 
contamination on t h e  glove lower surface  can be investigated, 
\ 
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o Because of tt 2 significant fuel savings potential of laminar flow ai rcraf t ,  i t  is 
recommended that a new flight test program be  initiated t o  further explore t h e  
e f fec t s  of wing geometry and flight conditions. The test also should consider 
changes in t h e  following areas: 
Improved instrumentation, namely, transition detection using flush hot-film 
surface  probes mounted in an array t h a t  will provide infornat ion an t h e  
extent  of laminar flow. 
Measurement of t h e  noise intensity on t h e  glove upper and lower surface  in 
flight. 
Recording of insect contamination a f t e r  each flight and possibly t h e  
implementation of some preventive measures. 
Larger variations in Reynolds number and Mach number. 
A giove with a larger spanwise extent  t o  minimize t h e  e f fec t  of t h e  
inboard wing on t h e  glove. 
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APPENDIX A: DETAILS OF MEMO0 OF ANALYSIS 
This appendix describes t h e  method used to  determine t h e  transition location for each 
case. The m c a u r e d  da ta  for a given case consist of t h e  pressure distribution, t h e  
boundary layer velocity profile at t h e  rake location for t h e  d e a n  win3 (natural  
transition) flight and for one t o  f ive  forced transition flights in which t h e  boundary 
layer was tripped at specified locations, and f l i$?t  cmdi t ions  for each flight. The 
analysis objective was to  determine t h e  tramition location far  t h e  clean wing flight 
for  each case. 
The  following i.i a step-by-step description of t h e  method of analysis. Case  19 is used 
as a sample. 
Step I: The f i rs t  s t ep  in t h e  method is  to compute  t h e  boundary layer displacement 
thickness (at t h e  rake  location), S*, for  t h e  clean wing flight and for each of t h e  
forced transition flights from t h e  measured boundary layer velocity profiles. Figure 
,401 shows all t h e  measured velocity profiles for  Case  19 and t h e  calculated values of 
b*. The values of b* are la ter  converted t o  measured R 6 *  values using the  A552 
results from steps 2 and 3: 
R b * ~ 5 5 2  and 8 * ~ 5 5 2  a r e  t h e  values c a l c ~ l a t e d  in either s t ep  2 or s t ep  3 for t h e  
pressure distribution correspondin( t o  RZMEAS* Thus, if Rf MEAS is for :5e case 
with forced transition a t  S%, t h e  values of and R 6*,A5S2 used will be from the 
run based on t h e  p r e s u r e  distribution for forzed transition a t  5%. 
Step 2: Tlre second s tep  in the  method is t o  analytica!ly r e d i c t  t h e  values of Rb  * 
(using program A5521 at t h e  applicable rake location for t h e  pressure distribution 
corresponding t o  t h e  clean wing flight. The d e a n  wing pressure distribution is shown 
in Figure A-2, along with pressure distriburions for t h e  forced transition flights. 
Up t o  six different A952 runs (depending on t h e  case) a r e  made using the  clean wing 
pressure distribution. The only change from run t o  run is t h e  location a t  which 
transition is specified in rhe program. The six transition locations specified arc. 5%, 
20%, 3O%, 40% SO%, and 6 5 6  chord or t h e  location of cninimum pressure (whicfiever 
\ 
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is fu r the r  farward). The reason for  varying t h e  t ransi t ion locat ion is to d e t e r m i n e  how 
8* and Rb* at t h e  r a k e  locat ion should vary as t h e  t ransi t ion locat ion varies. 
F igu re  A-3 shows t h e  resul t s  of this c lean  wing A552 a r d y s i s .  
Step 3: Program A552 is used t o  analytically ; .redkt R b *  at t h e  r a k e  locat lon for t h e  
fo rced  transi t ion pressure distributions. Only o n e  A552 run is m a d e  for  each  forced  
transi t ion pressure  distr ibut ion with t h e  Reynoids number and Mach number specif ied 
in A352 being those  at  which t h e  pressure  distr ibut ion was measured. The  transi t ion 
locat ion specif ied in A552 correspcnds ro  t h e  locat ion ?' :he t r i p  s t r i p  on :he a love  for  
t h e  par t icu lar  f l ight  being analyzed. T h e  reason for  a a l y z i n g  e a c h  of t h e s e  cases in 
A552 is t o  account  for  t h e  e f f t r :  of pressure  distr ibut ion and Reynolds number  
d i f ferences  be tween t h e  ciean wing f l ight  and t h e  forced  tra-si t ion flights. 
F i e u r e  A-2 shows signif icant  d i f f e r e x e s  in pressure  distr ibut ion f rom flight ?c f l i3ht .  
.Uo, s o m e  of t h e  f l ights  w e r e  made  at an a l t i t u d e  of about  30,300 f t ,  resul t ing in .I 
chord Reynolds number of abou t  23 million, and o ther  f l ights  were  made at an a l t i rude  
of abou t  25,000 f t ,  resulring in a c!ord Peynolds  number of abou t  23 million. T.2 be  of 
use in evaiuat ing t h e  clear. . m g  resul ts ,  t h e  force4  ::ansition resul t s  lnust be adjustcd 
t o  x c o u n t  for  any  d i f fa l ;nces  in pressure distr ibut ion and Reynolds number because  
t h e  v a l u e  . ~ f  E *  and R J* at t h e  r a k e  locat ion are functions of both. F igure  .A -4 showr 
t h e  4552 results LC- f . r c e d  t a n s ~ t i o n  pressure distributions t o  allow comparison with 
t!ic corresponding R6* v a l u e  :ar cr:e clpan v inq  pressure distribution. T'w d i f f e rence  
be tween t h e  two  s e t s  of data varies  wi th  t r m s 1  i;nc iocztion. T4e  Clf ference  be tween 
t h e  two  Rdi values for  a g l v m  ttansizion ioca?ic.! 1s :~!:r,d in Step 4 rc adjust  t h e  
measured  value of Xg * f c r  t h e  forced transi t ion cases to  ?!x ::em wing pressure 
d i s t r i i x f  .x 
In F igure  A-5 the  m e a s w e d  values of !X6 * for forced  t r a n s i t ~ o n  ili,zclts and :he zlear; 
wing fliqht havc Seen sdded t o  t h e  resui ts  shown in Figure 4-k. The clean wicg 
measured resul t  is showr: a2 2 dashed l ine  because  snly R 6 *  is known; t h e  ; r m s ~ t l c p  
locat ion is not known. 
Step rl: In this  s t e p  t h e  ~ e a s u r e d  R6* v 3 ! 2 s  irx tkie forced  t r m s i t i o n  f l i ~ n t s  hown In 
Figure  A-5  are adjusted t o  a c lean  wing. .At a given ? r m s i : l o ~  locat ion,  t h e  
adjus tment  applied t o  t h e  measured 36 * is as follows: 
ORIGINAL PAGE E 
OF POOR QUALITY 
Specified transition 
location 6- (in.) ROTH (Ago)  
.; . 
; t;' 
I r  
TRANS 
(Transition Lxation) 
~ i ~ u r e  A-3. Results f r m  A552 Analysis of .'Clam Wing " Pressure Disrr,bution 
80 COO 
ORIGINAL PAGE 1 
OF POOR Q U A L ~  
Forced trans~tion 
location 8. (in.) R O W  (Ram) 
0 A552 r+ ~ l t s  for "forced trans~tion" 
pressure distributions 
O A552 results for "clean wlng ' 
pressure distribution 
Rec - 23 x 1 o6 for cqen 
symbols 
6 
Rec 28 x 10 for solid 
symbols 
TRANS 
(Transition Location) 
Figure A-4. A552 Results for "Forced Transition" and "Clean Wing" Pressure 
9istributions 
ORIGINAL PAGE 1II 
OF POOR QUALITY 
--- Measured Rg' for "clean 
wing" flight (transition 
location unknown) 
0 Measured data for "forced 
transition" flights (raw data - 
not adjusted to "dean wing" basis) 
0 A552 rssults for "forced trans- 
tion" pressure distributions 
Q A552 results for "clean wing" 
pressure distnbution 
6 Pec = 23 x 10 for open 
symbols 
ReC - 28 r lo6 for solid 
symbols 
TRANS 
(Trans~tion Location) 
Figure A-5. Results From Step 3 
R6* = R6* - Rc* - Rg* 
ME AS MEAS AS52 A552 
ADJ FORCED FORCED CLEAN 
In t e rms  of t h e  symbols used in Figure A-5, t h e  "0" symbol is adjusted downward by 
t h e  difference between t h e  "Q" symbol and t h e  "0" symbol. Yo adjustment is applied 
:o t h e  measured clean wing da ta  (dashed line). The  results of this s t e p  are plotted in 
Figure A-6. 
Step S: This is t h e  final step. R e  .A552 results for :he clean wing pressure 
distribution are used t o  guide t h e  fairing of a curve through t h e  ''a" symbols in 
Figure A-6. The intersection of this curve with t h e  line corresponding t o  t h e  
measured R6 * for  t h e  clean wing gives t h e  est imated transition !ocation for t h e  clean 
wing, which is  t h e  final result  of t h e  analysis ("A" symbol) in Figure A-7. The 
measured da ta  point fo r  forced transition at 50% chord is higher than would b e  
expected. This ctraracteristic occurred in many cases for which t h e  transition location 
was forward of 50% chord (see cases IS, 19, 29, 21 and 24). I t  is expected t h a t  t h e  
curve  should f l a t t en  out a f t  of t h e  transition point. Therefore, t h e  d a t a  point at 50% 
cyord for those  cases was nor allowed t o  influence t h e  fairing of t h e  c a v e .  The 
forced transition d a t a  points havinp flight Reynolds numbers approximately t h e  same 
as t h a t  of t h e  clean wing were  weighted more  heavily in the  fairing of t h e  curve than 
t h e  others. 
The difference in Figure A-7 between the ~ e a s u r e d  results ("Q" symbois) and t h e  
A552 results PQ" symbols) i: probably due to  a number of factors  ( the  size of this 
diff aerlce varies from case t o  case): 
o .4ny three-dimensional ef fects  resulting from wing taper and t h e  relatively small 
span of t h e  glove will not be accounted for in 4552. In fright, t h e  transition 
location prooably varied with spanwise location on t h e  glove, because t h e  
transition line usually takes  t h e  for-n of a series of tu:Sulent wedges t5a t  
eventually merge. Because the rake was located a t  t h e  midspan of the  glove, t h e  
da ta  shown in this document ref lect  t h e  transition pcint a t  t h s t  spanwise 
location. However, because A552 assumes a constant transi+:sn location alocg 
t h e  span, the re  may be three-dimensional boundary layer thickness e f fec t s  that 
A552 cannot model. 
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o In some cases, especially aft of 60% chord, the re  was considerable judgment 
Involved in determining what t h e  pressure distribution should look like because 
t h e  measured points were  ra the r  sparse. (The pressure distributions shown in this 
document include t h e  enriched points, whic'r were  added t o  t h e  measured data. 
However, t h e  tabulated pressure distributions in app. 3 contain only t h e  
measured da ta  points.) 
o There  may b e  differences caused by t h e  presence of shock waves in t h e  pressure 
distribution and by disturbances introduced by t h e  t r ip  strips, wnich A552 cannot  
properly model. 
Even though the re  are differences in t h e  level of Rg+ between A552 and t h e  m e a s u r d  
results, t h e r e  is no evidence t o  indicate t h a t  t h e  variation of Rs* with transition 
location computed using A552 i s  not accurate.  In case 21, for example, where  the re  
was very l i t t le  scatter in t h e  flight t e s t  data,  the re  is good agreement  between t h e  
neasured variation of Rg* with iransition location and tha t  computed by A552. 
F u n h e m o r e ,  in all other cases with nu l t ip le  forced transition da ta  po~rits  (c~ses 16 
through 261, t h e  use of A552 results to  guide in t h e  fairing of the  curve through t h e  
measured da ta  points apparently resulted in a reasonable fairing of t h e  data. 
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APPENDIX Bt FLIGHT TEST DATA AND ARFOIL COORDINATES 
The figures in this appendix show t h e  measured pressure distributions and boucdary 
layer velocity profiles for all 34 cases i n c l ~ ~ e d  in t h e  current  study, ,4552-calculated 
velocity profiles were  used t o  guide t h e  fairing of curves through t h e  measured profile 
points and are shown for cases I through 17. For these  cases, t h e  measured profiles 
are shown as a solid line, and t h e  A552 results, as a series of circles. Fc r  cases 13 
through 34, only t h e  measured profiles are shown, including t h e  individual m'easurcd 
points through which t h e  curves were faked. The coordinates of t h e  glove airfoil,  
NLAM78, a r e  also given. The pressure distributions shown in some of these plots 
include interpolated points tha t  were  not actually measured. Tabulations of t h e  
\ 
measured pressure distributions for t h e  clean wing flights are given here and include 
only those values actually measured. 
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AP*NDIX C: DETAILS OF FLIGHT TEST DATA ANALYSIS 
This appendix contains a case-by-case analysis of t h e  34 selected cases of F- 1 1 1 flight 
test data, using t h e  method described in Appendix 9, t o  determine t h e  extent  of 
laminar flow achieved. 
This case was for t h e  lower surface  with t h e  rake  at 50% chord. The sweep angle was 
9.0 deg, and t h e  airplane lift coefficient  (CL) was 0.s16. Figure Z- 1 shows t h e  plot of 
displacement thickness Reynolds number at t h e  rake  location (RDTH) versus transition 
location for  this case. The circular syrnbols are based on results  of Boeing's boundary 
layer program, A552, for a clean wing (natural transition) pressure distribution (flight 
161, run 15). The  square symbol corresponds t o  t h e  inferred displacement thickness 
Reynolds number for  fligtrt 162, run 15, in which transition was forced at 5% chord. 
The  pressure distribution fo r  t h a t  flight is shown in Appendix B. The triangular symbol 
corresponds t o  the inf a r e d  displacement thickness Reynolds number fa r  t h e  clean 
wing flight and indicates t h a t  transition was at 20% chord. 
This case was fo r  t h e  lower surface  with t h e  rake  a t  50% chord. The sweep angle was 
9.0 deg, and Ct was 0.501. Figure C-2 shows t h e  plot of displacement thickness 
Reynolds number a t  t h e  rake location versus transition location. Transition was at 
20% chord. 
Case k 
This case was for t h e  ! o w e  surface  with t h e  rake at 50% chord. The sweep angle was 
16.0 deg, and CL was 0.387. Figure C-3 shows t h e  plot of displaczment thickness 
Reynolds number at t h e  rake  location versus t h e  transition location. The forced 
transition flight was at a chord Reynolds number of about 23 million compared with a 
chord Reynolds number of about 28 million for t h e  clean wing. However, A552 was 
used t o  adjust (set app. A) t h e  measured displacement thickness Reynolds number for  
t h e  forced transition flight t o  correspond t o  a chord Reynolds number of 23 million. 
Transition was at 14% chord. 
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Figure C- 1. Transition Determmation, Case 7 F- 7 1 7 NLF Glove 
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0 A552 
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Figure C-2. Transition Oeterminatjon, Case 2 F- 11 1 NLF Glove 
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CASE 3 
FLIGHT 161. RUN 20 
LOWER SURFACE 
.\ = 16'. M = 83. CL = 38: 
RAKE AT 50% 
TRANSlTlCN AT la% 
0 A552 
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Figure C-3. Transition Determination, Case 3 F- 1 1  1 NLF Glove 
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This case was for t h e  lower surface  with t h e  rake  at 50% chord. The sweep angle was 
15.9 deg, and CL was 0.397. Displacement thickness Reynolds n u m b s  at t h e  rake  
location versus t h e  transition location is  plotted in Figure C-4. Transition was at 12% 
chord. 
This case was fac t h e  lower surface  with t h e  rake at 50% chord. The sweep angle was 
18.8 deg, and CL was 0.377. Displacement thickness Reynolds number at t h e  rake  
location versus t h e  transition location is plotted in Figure C-5. Transition was at 8% 
chord. 
This case was for t h e  lower surface  with t h e  rake at 50% chord. The sweep angle was 
19.0 deg, and  CL was 3 9 4  Displacement thickness Reynolds number at t h e  rake  
location versus t h e  transition location is plotted in Figure C-6. Transition was at 13% 
chord. 
This case was for t h e  lower surface with the  rake at 50% chord. The sweep angle was 
22.0 deg, and CL was 0.285. Displacement thickness at t h e  rake  location versus t h e  
transition location is plotted in Figure C-7. Transition was at 9% chord. 
The combination of high chord Reynolds number (29.0 million) and low CL (which 
resulted in steeper pressure gradients in t h e  forward region) probably caused very 
large  crossflow disturbance growth rates. However, i t  is not likely tha t  crossflow 
disturbances could have caused transition a t  9% chord. It probably occurred a t  lob t o  
2% chord ra ther  than at 0%. Also, as discussed in Section 4.2, i t  is possib!e t h a t  insect  
contamination or engine noise contributed to  the  early transition. 
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Figure C-4. Transition Determination, Case 4 F- 1 1 1 NLF Glove 
CLEAN WING 
CASE 5 
4 FLIGHT 761. RUN 25 
LOWER SURFACE 
,I 5 79.. M z  83.C' 3i7  
RAKE AT 50% 
TRANSITION AT awe 
0 A552 
6 MEASURED DATA FOR CLEAN WING 
0 MEASURED DATA FOR FORCED TRANSITION 
Rec - 23 x 1 0  FOR OPEN SYMBOLS 
Re, - 28 x 1V FOR SOLID SYMBOLS 
TRANSIT ION LOCATION 
Figure C-5. Transition Determination, Case 5 F- 7 1 1 NLF Glove 
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Figure C-6. Transition Determination, Case 6 F- 1 1 1 NLF Gkve 
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CASE 7 
FLIGHT 161, RUN 281 
LOWER SURFACE 
.I = 22.. M = 85. CL = 285 
RAKE AT 50% 
TRANSlTlON AT 0% 
0 A552 
A MEASURED DATA FOR CLEAN WING 
0 MEASURED DATA FOR FORCED TRANSITION 
Ra, - 23 x 10' FOR OPEN SYMBOLS 
mc - 28 x rv FOR SOLID SYMBOLS 
TRANSITION L3CATION 
- 
Figure C-7. Transition Determination, Case 7 F- 1 1  1 NLF Glove 
This case $was for  t h e  lower su r face  with t h e  r a k e  nt 5 0 5  chord. Tlie sweep m g l +  krss 
21.7 d e ~ ,  and CL was 1.332. Displacement thickness 9 e y n o \ d s  n u m b s  3t ;he ral<c 
locat ion versus t h e  t ransi t ion locat ion is ?lot ted in Figllre C-8, T-ansi:im \vas a! 3"3 
chord, 
Case 9: 
This case was for  t h e  low- su r f ace  with t h e  rake 3t 50% chord. T i e  saweeo s n g l e  uss 
25.2 deg ,  and CL was '1.275. Displacement  thickness ? tynolds  number i t  the r a k e  
loca t ion  versus t h e  t ransi t ion locat ion is ~ l s t t c c l  in F iyu r r  C - 9 .  T:snsition was 3t 2% 
chord. 
This  case was for  t h e  lower surf ace {uith t h e  r a k e  at 59% chord. T h e  sweep ang!e was 
25.0 deg, and CL was 9.37?. Displacement  thickness 3eynoIds  n u ~ b e r  at r !v  -aka 
locat ion versus the transi t ion locat ion is ?lot ted in s ig l l r e  1 2 - ! C .  T r a n s l - i m  LVZS at  Sn/C 
chord. 
This  case (was :ar t h e  upper sur face  wi:t? t h e  rake a t  53% c:lord. Tie ia.Vee? m3!3 .was 
9.0 deg, and 3 was 1.ki6. 9 i s p l a c e ~ e n t  thickness P~yml3s  ?u-nbcr a t  ;':e r3kc 
- locat ion versus t h e  t ransi t ion location is ? lo t ted  in f l q l ~ r e  C- 1 i .  cvsnsl!im 2 . x  :?is 
c u e  was at $6'4 chord. T h e  cause  o f  ttansi:;on was probaS1:l Lhe 3dverse ?rzssurc 
gradient ,  whicfi began at 93% chord. T'lis 3dverse y r a d i s t  resilit~c! i-, large 5roaCI 
r a t e s  of Tollmien-Sc'llichting disturbances. 
This case was fo r  :he upper s a r f a c e  x i t h  t h e  r a k e  nt 67'Y c iord , .  The  jwre? 3n;l.r 23s 
15.9 dcg, and CL was '1.397. I ) i sp lacevent  t h i c k r a s  9 s y w l d s  ni.:nber i t  t h e  732e 
locat ion versus t h e  t ransi t ion locat ion is ? lo t ted  in F i y ~ r e  C-!2. Trsnsi:im 3vas d; 
23% chord. 
CASE 8 
FLIGHT 161. RUN 112 
LO'NEA SURFACE 
,I a 22'. M 84. CL * 382 
RAKE A t  50% 
1RANSlf:Oh AT 8% 
0 A552 
4 MEASURED DATA FOR CLEAN WING 
[j MEASURED DATA FOR FORCED TRANSlTlON 
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TRANSITION LOCATION 
Figure C-8. Transition Determination, Case 8 F- 1 1 1 NLF Glove 
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CASE 9 
FLIGHT 161. AUN 23 
LOWER SURFACE 
.\ 25'. M = 85. CL 275 
RAKE AT 50% 
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C A552 
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3 MEASURED DATA FOR FORCED TRANSlTlCN 
Re, - 23 x I @  FOR OPEN SYMBOLS 
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Figure C-9. Trunsit~on Detsrminarron, Case 9 F- 1 1 1 NCF Glove 
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CASE 10 
FLIGHT 161. RUN 12 
LOWER SURFACE 
= 25". kt = 85. CL = 373 
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3 A552 
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Figure C- 10. Transition Detwm~nation, Case 10 F - 1 7 1 NLF Glove 
CLEAN WING 
-1.0 1 ORIGINAL PAGE fS OF POOR QUALITY 
CASE 11 
FLIGHT 161. RUN 15 
UPPER SURFACE 
.\ = 9' M = 82. CL = 416 
RAKE A r 50% 
TRANSITION AT .IF0% 
G AS52 
A MEASURED 3 A T A  FOR CLEAN 'NING 
0 MEASURED DATA FOR FORCED T2ANSITION 
Re, - 23 x 106 FOR OPEN SYMBOLS 
Re, - 28 x lP FOR SOLID SYMBOLS 
. 
Figure C- 7 1. Transitron Determination, Case 7 7 F- 1 7 1 NLF Glove 
CASE 12 
FLIGHT 161. RUN 7 
UPPER SURFACE 
= 16'. M = 83. C L z  397 
RAKE A T  60% 
TRANSlTiON A T  23% 
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0 A552 
A MEASURED DATA FOR CLEAN WING 
C) MEASURED DATA =OR FORCED TRANSlTlCN 
Re, - 23 x 104 FOR GPEN SYMBOLS 
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Figure C-12. rransition Determination, Case 7 2 F- 1 1 1 NLF Glove 
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This case was f o r  t h e  upper surf ace with t h e  r a k e  at 53% chord. T'qe weep ang le  was 
18.8 deg, and CL was 0.377. 3 i s p l a c e m e n t  thickness 9 r y n o l d s  - iu ;nba  i t  i ie rski. 
locat ion versus t h e  t ransi t ion locat ion i s  ? lo t ted  in F igure  C-13. Trms:i!on +mi at 
17%. 
Case 14: 
This case was for  t h e  upper s u r f a c e  with t h e  r a k e  at 43% c5ord. T h e  sweep  angle was  
22.0 deg, and  was g.358. Oisplacernent  thickness 9eyrlolds number a t  t S e  n k e  
'L 
locat ion versus t r m s i t i o n  locat ion i s  p lo t ted  in =ig?lre C-1&. Ttansi t ion idas 3: 7 9  
This case was f o r  t h e  upper s u r f a c e  with t h e  r a k e  at 60°+ chord. T i e  sweep  ang le  Mas 
25.2 deg, and CL was 0.373. Displacement thickness Reynolds ,umber rt :he rake 
locat ion versus t h e  t ransi t ion locat ion is p lo t ted  in F igure  C-15. T r m s i r i m  was z t  
21%. 
Case 16: 
This case was for  t h e  upper su r f ace  with tho r a k e  at 99'" T"le sweep angle .was 3. ;  
deg, and CL was (1.379. Displacement thickness ' ieynolds ~ e r  3t t S e  rake i 0~3 ; !~9  
versus t h e  t ransi t ion locat ion is plot ted in Figllre C-15. r o r  each  of the ai:-r&e 
cases, f ive  fo rced  transi t ion f l ights  w e r e  made. S x  this CJSF?, t h r e e  of r h e  l x c e d  
transi t ion f l ights  were  at  a chord Reynolds ?umber ~f about  25 .nil!ion and two were 3: 
a chord Reynolds number of abou t  23 nil l ion.  3 e c a u s e  t h e  c lean  w n g  fliyht -.vas 3t a 
chord Reynolds number of about  23 ni l l ion ,  t9e resu l t s  ~f t h e  forced  t r m s i ? i , m  :!:3'1:s 
at 29 ni l l ion  have  been adjusted t o  t h e  c lean  wing Ii2ynolds ?umber asing A 5 Z .  T'ic:e 
is qu i t e  a bit  of s c a t t e r  in t h e  forced  transi t ion results.  111 fairing 3 curie t k f a l g h  
those  points paral lel  t o  t h e  A552 curve ,  the low X e y ~ o i d s  nurnber points +ave been 
given m o r e  weight than  t!~e high Reynolds number Yoints. T rms i t lon  ~ 3 s  3: 76% 
1 
chord. This case had more  l a m i n s  flow than  m y  o the r  case analvzed. ' i ~ w e v t r ,  the i 
e x t e n t  of laminar flow would probably tiavo k e n  grsa;.sr i f  :?ere ?ad .lot been 3n 
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Figure C- 13. Transition Determination. Case 7 3 F- 1 1 1 NLF Glove 
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CASE la 
a FLIGHT '61. RUN 28 
UPoER SURFACE 
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Figure C- 14. Transition Determination, Case 14 F- 1 7 1 NLF Glove 
CASE 15 
FLIGHT 161. RUN 12 
UPPER SURFACE 
i\ = 2s. MI= 85. CL = 373 
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Figure C- 15. Transition Oetermination, Case 15 F- I 1 I NLF Glove 
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CASE 16 
FLIGHT 147. RUN BA 
UPPER SURFACE 
= go, M = 82. CL = 379 
RAKE AT 90% 
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@ A552 
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Rec - 23 x 101  FOR OPEN SYMBOLS 
Rec - 28 x 10' FOR SOLID SYMBOLS 
TRANSITION LOCATION 
Figure C- 16. Transition Determination, Case 16 F- 7 1 1 NLF Glove 
a d v a s e  pressure gradient in t h e  region from 40% t o  50% chord, wyiich resultsd in very 
large amplification of Tollmien-Schlichting disturbances. 
This case was for t h e  upper surface with t h e  rake a t  30% chord. T'7e sweep ang!e was 
9.0 deg, and CL was 0.432. Displacement thickness Reynolds number a t  t h e  rake 
location versus c m s i t i o n  location is  plotted in = i g ~ r e  C-17. Transition was 3t 55% 
chord. 
Case 18: 
This case was for  t h e  upper surface with t h e  rake a t  39% chord. T;le sweep angle was 
9.0 deg, and CL was 0.504. 
location versus t h e  transition 
case is at 45% chord. 
Displacement thickness Reynolds number at tSe  rake 
location is  plotted in Figure C-IS. Transition for 51is 
Case 19: 
This case was for t h e  upper surface with t h e  rake a t  9 W  chord. The sweep angle was 
16.1 deg, and CL was 0.379. Displacement thickness l eyno lds  n u m b s  a t  tLle rake 
location versus transition location is plotted in Figure C- 19. Transition location was 
at 36% chord. Figure C-19 shows t h a t  t h e  3igh 3cyrlolds  umber flight wi th  3 t r i p  zt 
30% chord apparently has transition at about 13% chord. T+is prabably m u l t ~ d  f ron  
higher crossflow and Tollmien-Schlichdng disturbance growth ra tes  at the  'iighcr 
Reynolds nurn ber . 
This case was for t h e  upper surface with the  rake a t  39'4 cfiord. T+e sw5ep angle ,was 
16.1 deg, and CL was 0.436. I)isplacenent thickness Q,y - nolds number at :ye rake 
location versus the  t rsns i t im location is  plotted in Flyure C-2% Transi t im was 35 
42% chord. The th ree  farced transition flights, which were at higher 9eynolds 31~:~lbi.r 
of about ZS willion, apparently bad transition a t  about 7')+ chord. T%s ?rabably ,vss 
due t o  higher disturbance growth at t h e  higher qeyrlolds w n b e r .  
* CASE 17 
FLIGHT 155. RUN ' 8  
UPPER SURFACE 
,I = 9. M = 82. CL = J32 
RAKE AT 90% 
TRANSITION AT 55% 
0 A552 
A MEASUfiED DATA FOR CLEAN WING 
0 WEASURED DATA FOR FORCED TRANSITION 
Rec - 23 x 10' FOR OPEN SYMBOLS 
Rec - x 10' FOR SOU0 SYM8OLS 
TRANSltlON LOCATION 
Figure C- 17. Transition Determination, Case 17 F- 7 1 I NLF Glove 
-1.0 &- + CLEAN WINO 
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CASE 18 
FLIGHT 158. RUN 3 
UPPER SURFACE 
.\ t ga, M a 82. CL = 504 
RAKE AT 30% 
TRANSITION AT 45% 
0 A552 
4 MEAQ.IRED DATA FOR CLEAN WING 
0 MEASURED DATA FOR FORCED TRANSIT ION 
Rec - 23 x 101 FOR OPEN SYMBOLS 
Re, = 28 x lo@ FOR SOLID SYMBOLS 
TRANSIT ION LOCATION 
Figure C- 18. Transition Determination, Case 18 F- 1 1 1 NLF Glove 
CASE 19 
FLIGHT 147 RUN 14 
UPPER SURFACE 
,\ = 16'. M = 83. CL = 379 
RAKE AT 30% 
TRANSITION AT 36% 
C> A552 
A MEASURED DATA FOR CLEAN WING 
C MEASURED DATA F3R cORCEO T7ANSITICN 
~a~ - n x 10 FCR OPEN SYMBOLS 
Rec - 28 x 1V FOR SOLID SYMBOLS 
TRANSIT ION LCJCATION 
Figure C- 19. Transitjon Determination, Case 7 9 F-  7 1 1 NLF Glove 
r C L U N  WING ORIOMIAL PAGE f8 
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CASE 20 
* FLIGHT 147. RUN 75 
r UPPER SURFACE 
,\ = 76.. M .83. CL 4 6  
RAKE AT 90% 
TRANSITION AT 42% 
0 A552 
A MEASbRED DATA FOP CLEAN WING 
O MEASURED DATA F 3 A  FCPSEO TRANSlTlOhi 
Re= - 23 x lO1 FiiA OPEN SYMBOLS 
fir, - 28 x 10' FOR SOLID SYMBOLS 
TRANSITION LOCATION 
Flgure (2-20. fransitioft Oehrmination, Case 20 F- 1 1 1 NLF Glove 
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This case was for t h e  upper surface with the  rake  a t  30'F chord. The sweep angle was 
16.1 d q ,  and CL war 0.150. I)isplacement thickness Tirynolds w n b a  sr :Le rake  
location versris t h e  transition location is ?lotted in Ygurc C-21. T ~ a n s i t i m  .vas 3t 
43% chord. 
This case was for t h e  upper surface with t h e  rake  a: '"'1, chord. The sweep angle was 
25.2 dtg ,  and CL was 0.276. Displacement d i c k n e s s  Reynolis  w ? r b a  at tile ilrc 
location versus transition iocation is plotted in f i g u r e  C-22. Transition was s: Xn" 
chord. The flights with transition forced at 23% 30+, and kO% chord all appear ra 
have transition in t h e  vicinity of 5% t a  19% chord. T+is indicates that ,  ac t?is ?is+ 
Reynolds number and sweep angle, transition is very seqsitive t o  pressure 5s : t ibu t io~ .  
This case was for t h e  uppl~r surface with t h e  rake a t  39% chord. T+e swee? angle ,was 
V . . l  d q ,  t n q  " :vu 0.357. Dispiacenent  thickness Iieynolds number a t  t 9 e  rake  
"L 
location v n s u s  trm:sitifm location is $lotted in F i g ~ r c  C-23. Transition w a s  a t  LSn$ 
c h a .  A352 indicated inrnimc .;r=pdirjtim zt 31% far  :he flight with farced transition 
a t  30%. Therefore, in Fiyurc C-25 the pc?iilr f,; -Ye W?f. farced ::ansi t ~ o n  f!ip: :vas 
m o v d  from 2'2% to  31% chord. .4 similar move wc;z ::*a:? :or the  :!igh: v:th f x c 4  
transition a t  50%. The laminar ~ c p a r a t i o n  ahead of :+e t r i ~  fc? : asc two f1i;'lts . V ~ S  
t h e  rewi :  (3: i O V e S e  gradients in the  r tgion f r m  25'6 t o  QS% :.'lore :I?- .?o Cir,<tl: v!:? 
t h e  t r ip  a'. 49% chord and in the  rejirln f r m  23% ::, 36'3 c9ord for :he ::is-. i l : : ' :  t k  
t r ip  at 50% chord (fig. 3-:3 in app. 91. 
... This case was for the upper su:fdce wi th  rat! rake a: 37'6 c h r d .  r -I<! ~ t c ?  an~!e MJS 
25.2 deg, and C, luas 3.429. 9iso lacmcr ! t  t h i chws  I3,ynclds riurlloer ..-t t'le rak? 
b 
location versus :3e transition location is ?lotted :n ?i:!'lrc C-2'4. 4552 ,.7dit:=t& 
I laminar separation a t  26% far  :he flldht in whic9 transitian ~ 3 s  I:-& j: .3% ~ : 1 3 r . j .  
T'7at point was adjusted accordinqly in Figure C-24. 1 I I; 
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CASE 21 
FLIGHT 147. RUN 16 
UPPER SURFACE 
ti = lb, M + 83. ZL = 550 
RAKE AT 9006 
TRANSITION AT 43% 
0 ASj2 
A MEASURED CATA FOR CLEAN WING 
a MEASURED DATA =OR FORCED TRANSITION 
X LAMINAR SEPARATION LOCATION 
Re, - 23 x lV FOR OPCY SYMBOLS 
Re, - 28 x 10' FOR SCL 3 SYMBOLS 
mANSlTlON LOCATION 
Figure (2-21. Transition Determination, Case 21 F- 1 1 1 NLF Glove 
CLEAN WING 
-1.O L- ORIGINAL PAM I8 
OF POOR QUALln 
- CASE 22 
FLIGHT 158. 8UN 23 
UPPER SURFACE 
,I = 250. M = as. c, = 276 
RAKE AT 90% 
TRANSITION AT 20% 
0 A552 
A NlWSLjRED DATA FOR CLEAN WING 
0 MEASURED DATA FOR FORCED TRANSITION 
Re, - 23 x l(r FOR OPEN SYMBOLS 
Re, - 28 x 10' FOR SOLID SYMeOLS 
TRANSITION LOCATION 
Figure (2.22. Transtion Determination, Case 22 F- 7 1 1 NLF Glove 
-l.~ r CLEAN WlNG 
ORIGINAL 
OF POOR 
CASE 23 
FLIGHT 147. RUN 21 
UPPER SURFACE 
.I = 2 9 ,  M = 35. CL = 357 
4 RAKE AT 30% 
TRANSITION AT 18% 
0 A552 
A MEASURED OATA FOR CLEAN WING 
O MEASURED DATA FOR FORCED TRANSITION 
X LAMINAR SEPARATION LOCATION 
Re, - 23 x 1 0 .  FOR OPEN SYMBOLS 
Re, - 20 x 1 0 .  FOR SOL10 SYMBOLS 
TRANSITION LOCATIbN 
Figure C-23. Transition Determination, Case 23 F- 1 1  1 NLF Glove 
-1 0 7 CLEAN WING 
CASE 24 
FLIGHT 155. RUN 13 
uPPE9 SURFACE 
.I = 2s' .  M = as. c, = 429 
RAKE A? 90% 
c TRANSITION AT 1SWo 
0 A552 
A MEASURED DATA =OR CLEAN WlNG 
O MEASURED DATA FOR FORCED XANSITION 
X LAMINAR SEPARATlOh LOCATION 
ReC - 23 x 104 FOR OPEN SYMBOLS 
Re, - 28 x 1tY FOR SOLID SYMBOLS 
TRANSITION LOCAT ION 
Figure C-24. Transition Determination, Case 24 F- 1 1 1 NLF A Jve 
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This case was for t h e  lower su r f ace  with t h e  r a k e  at 90'6 chord. T$e sweep an$c was 
9.0 deg, and  CL was 0.416. O i s p l a c e n e n t  thickness Reynolds number at t ie rake 
locat ion versus t h e  t ransi t ion locat ion i s  plotred in F igure  C-25.  Transi t ion was at 
23% chord. 
Case 26: 
This case was fo r  t h e  lower su r f ace  with t h e  r a k e  at 93% chord. TFle sweep  ang le  xas 
15.6 deg  and CL was g.353. Displacement  thickness Reynolds ,umber dt  t5e rake 
locat ion versus t h e  t ransi t ion locat ion is ? lo t ted  in F igure  C-25. T r a n s i t i m  far this 
case was at 51% chord. R i s  was just slightly pas t  t h e  beginning ~f t h e  adve r se  
pressare  gradient ,  which was t h e  probable c a u s e  of transition. 
Cases 27 Through 3 1: 
These w e r e  lower su r f ace  cases with t h e  r a k e  at 30% chord  and 3 wing sweep ~f 13 
deg. Cases  27 through 2 9  had a C near %$I and a chord 3eynolds  number ncsr 23 L 
 rilli ion. Cases 30 and 31 had a CL near  9.32 and a chord ' i - y  noids number .2f about 27 
nillion. Figures C-27 through C-3 1 show the disp lacement  thickness r j e y n d d s  xurnber 
at t h e  r a k e  versus t ransi t ion Iocation. Trsnsi t ion varied f r m  31% chord for case 27 t 2  
49% fo r  case 3 1 .  T 3 e  f l ights  with fo rce4  rrmsi:ion at  Q F 6  and 59% indic3:ed 
premat t l re  transition, s o  t h e  ROTH point f r m  t h e  5% f x c e d  transi t ion f!igbi ~ 2 s  
weighed most  heavily in determining t h e  c lean  wing :ransi:ion ioc3tion. 
Cases 32 Through 34: 
These cases were  from t h e  lower su r f ace  with the  r ake  at 39% chord and sweep ne3r 
15 deg, Figures C-32 through C - 3 b  show t h e  d isp lacement  thickness Reynolds number 
at t h e  r a k e  versus t ransi t ion location. Again, t h e  resu l t  of t h e  forced  tr3nsi::on at 5-6 
was t h e  primary de terminer  of t h e  c lean  wing t r a ~ s i d o n  l o c ~ t i a n .  Each of t hese  t h r e e  
cases experienced transi t ion a t  :be beginning of t h e  adverse pressure g r x i i m t .  5 1 b ' i .  
chord. 
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CLEAN  WIN^‘" 
-.a 
CASE 25 
FLIGHT 155. RUN 3A 
LOWER SURFACE 
11 = go. M = 32. CL = 416 
R ~ K E  A T  90% 
TRANSIT ION AT 23% 
0 A552 
AMEASURED 9ATA FOR CLWN 'WING 
3 MEASURED 3 A T A  FOR CCRCEO TRANSlTiGN 
Re, - 23 x 10' FOR OPEN SYMBOLS 
Re, - 28 x 10' FOR SOU0 SYMBOLS 
s 
F 
'2 
JOOOO 
TRANSITION L0CAT:ON 
Figure C-25. Trans~tion Datermination, Case 25 F- 1 1 1 NLF Glove 
-1 .O - CtEAN WING 
CASE 26 
FLIGHT 146. RUN 78. 
LOWER SURFACE 
= i6 * .  M 83. CL = 353 
RAKE AT 9046 
TRANSIT ION AT Slab 
A552 
A MEASURED OATA FOR CLEAN WING 
0 MEASURED OATA FOR FORCED TRANSITIOW 
Re, = 23 x 10' FOR OPEN SYMBOLS 
Rec - 28 x 10' FOR SOLID SYMBOLS 
TRANSITION LOCATION 
Figure C-26. Transition Determination, Case 26 F- 1 1 1 NLF Glove 
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CASE 27 
FLIGHT 146, RUN 2 
LOWER SURFACE 
.ILE = lo? M = .ao, c, = .425 
RAKE AT W o  
TRANSITION AT 31yo 
Q A552 
A%€ASURED DATA FOR CLEAN WING 
OMEASURED DATA FOR FORCED TRANSITION 
Re, - 23 x 1 0  
TRANSIT ION LOCATlON 
Figure C-27. Transition Determination, Case 27 F- 1 1 I NLF Glove 
CASE 28 
bfUGHT 146, RUN 3 
LOWER SURFACE 
. \ L ~  - 10'. M a.81, CL .407 
RAKE AT 90% 
TRANSITION AT 38% 
@ A552 
AMEASURED DATA FOR CLEAN WING 
o MUSURED DATA FOR FORCED TRANSITION 
Re, - 23x 101 
TRANSITION LCCATION 
Figure C-28. Transition Determination, Case 28 F- 1 1 1 NLF Glove 
CASE 29 
FLIGHT 146, RUN 4 
b LOWER SURFACE 
yLE = lo0, M = 32, CL =.dl4 
b RAKE AT 90% 
TRANSITION AT 34% 
9 A552 
A MEASURED DATA FOR CLEAN WING 
MEASURED DATA FOR FORCED TRANSITION 
Re, - 2 3  1101 
a 
0.0 2 .4  .6 .0 1 0  
TRANSITION LOCATION 
Figure C-29. Transition Determ~nation,Case 29 F-111 NLF Glove 
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CASE 30 
RIGHT 146. RUN 8 
LOWER SURFACE 
= 100. M = 4 1 .  CL - ,322 
a m  AT 9 0 . ~  
TRANSITION AT 48% 
Q AS52 
AMEASUREO ATA FOR CLEAN WING 
a MEASURE0 OATA FOR FORCED TRANSITION 
R . ~  - n x iv FOR OPEN SYMBOLS 
Rec - 28 x 101 M A  SOLID SYMBOLS 
Figure C-30. Transition Determination, Case 30 F- 1 1 7 NLF Glove 
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CASE 31 
0 FLIGHT 146, RUN 9 
0 LOWER SURFACE 
.lLE - 10a. M = .82, CL 3 :4  
RAKE AT 90% 
TRANSITION AT 49% 
0.4552 
OMUSUREO OATA FOR CLEAN WINO 
O MEASURED OATA FOR FORCED TRANSITION 
TRANSITION LOCATION 
Figure C-3 1. Transition Oeterminrtlon, Case 3 1 F- 1 1 1 NL F Glove 
CXSE 32 
FLIGHT 146, RUN 1 7A 
LOWER 3URFACE 
*.b = 150, M - .83. CL = 292 
*RAKE AT 90% 
TRANSITION AT 5 12 
O ASK 
4 MUSURED DATA FOR CLEAN '5JINO 
Q MEASURED OATA FOR FORCED TRANSITION 
Rec - 23 x 1O FOR OPEN SYMBOLS 
Re, - 27.6 FOR SOLID SYMBOLS 
TRANSITION LOCATION 
Figure C-32. Transition Dehrmination, Case 32 F- 1 1 1 NLF Glove 
CASE 33 
FUGHT 140, RUN 170 
LOWEP 3URFACE 
'LE - lSO.  M = 33. CL - 41s 
RAKE AT 9QY. 
TRANSITION AT 51% 
0- 
A MEASURED OAT A FOR CLUN WING 
0 MEASURED DATA FOR FORCED TRANSITION 
- 23 x 1C FOR OPEN SYMBOLS !2 - 28 x 1C FOR SOLID SYMBOLS 
Figure C-33. Transition Determination, Case 33 F- 1 1 1 NLF Glove 
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CASE 34 
FLIGHT 146. RUN 788 
LOWER SURFACE 
1~ = 160.M = .a3 .CL a 447 
0 RAKE AT 90% 
TRANSITION AT 51 wa 
C) A552 
A MEASliRED CATA =OR CLEAN WlNG 
3 MEASURED DATA FOR EORCED TRANSITION 
Re, - 23 x 1Ol FOR OPEN SYMBOLS 
Re, - 28 x 1O. FOR SOL10 SYMBOLS 
TRANSITION LOCATION 
Figure C-34. Transrtion Determmation.Case 34 F-7 7 7 NLF Glove 
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This appendix contains the C-F and T-S disturbance growth curves used t o  define t h e  
mvelopes for  each case. As explained in Section 6.1.2, for t h e  T-S disturbances, a 
range of frequencies was analyzed, and for t h e  C-F disturbances, a range of values of 
 spanwise wise component of the  dimensional wavenumber) was analyzed. In t h e  
plots shown here, KS = a *,,. For t h e  T-S disturbances, wave angle was kept f i r d  at 
40 deg for t h e  upper surface cases and at 25 deg for t h e  lower surface cases. T'lese 
angles closely correspond t o  t h e  direction of peak amplification. TSe frequencies 
corresponding t o  t h e  T-S disturbances analyzed a r e  listed in each figure. These 
frequencies can be  related t o  the T-S curves using t h e  one Yurve in ezch case for 
which t h e  frequency has been noted by an arrow. The higher frequencies in the  list 
correspond, in order, t o  t h e  curves t h a t  peak ahead of t h e  indicated curve, and the 
lower frequencies correspond, in order, t o  t h e  curves t h a t  peak behind t h e  indicated 
curve. 
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3 LOU€? SURFQCE 
o i R A N S i T i O N  A T  S i C = . 2 0  
o SUEE?=9.3 3E$. 
o REC=22.7 P I ILL ION 
0 M C ~  N o . = . a l  
o CL=.501 
o FLIGHT ICll RUN 2 
I COflPRESSIBLE T-S I 
s/ C 
Figure D- 1. F- 1 1 1 Stab~lity Analysis Results Case 2,  Lower Surface 
PRESSURE 0 ISTRIBUTION 
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LOUE2 SURF ACE 
TRANSITION OT S/C=. 14 
SUEEP=l6. 0 OEG. 
2EC=28.2  ILLI ION 
M A C H  NO.=.93 
CL=, 387 
FLIG H T  161, R U N  ?O 
I COtlPRESS IBLE T - S  
Figure 0-2. F-7 1 1  Stability Analysis Results Case 3, Lower Surtace 
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C.. 
PRESSURE OISTRIBUTION ORIGINAL PAGE Is 
OF POOR QUALITY 
o LOUER S U R F A C E  
o TRANSI:!ON 9T S/C=.!3 
o SUEEP=!9.9 3EG. 
9 REC=23.3 I l I L L I O N  
n m  N O . - . 8 3  
0 CL=.394 
o F L I G H T  l b ! ,  9UN !! 
2 6 o Z A N C E  OF < S  V A L U E S :  3 0 0  7 3  l i G D  
a 
C 
- 4 o iPEQ!JENCY=O H Z  
2 
0 
Figure 0-3. F- 1 11  Stability Analysis Results Case 6, Lower Surtace 
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o iOUER SURFACE 
o T R A N S I T I O N  AT S / C = . 0 8  
o S U E E P t 2 1 . 7  CEG. 
o R E C = 2 3 . 6  I I I L L I O N  
o t M C H  N O . = , 9 4  
o CL=.382 
o R I G H T  ! b l ,  RUN 112 
I COflPRiSS iBLi T-S I 
1 'J 
COflPqFSS I3LE C-F 
8 
6 o RANGE JF K S  VALUES: 5 0  70 : 4 3 3  
o FZEOUENCV=O H Z  
4 
2 
0 
0.0 . 2  . 6  I , 0  
s: C 
Figure 0-4. F- 1 1 1 Stability Analysis Results Case 8, Lower Surface 
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Y C 
o UPPER SURF4CE 
o TRaNSiTiON A T  S / C : . 2 3  
o SUiiP=li. 9 3ES.  
1.0.. o REC=23.3 f l I L L I O N  o HACH NO.=.83 
1.2.. 0 CL=. 397 
o FLIGHT 161,  R U N  7 
I C O M P R E S S  I BLE i - S  I 
0 1 ° 1  
o QANGE OF Y S  VPLUES: 213 T O  : 5 S O  
o ;PEOUEHCY=O 4; 
Figure D-5. F- 1 1 1 Stability Analysis Results Case 12, Upper Surface 
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o - UPPER SURFACE 
o T R n N S I T I O N  97 S/C=.17 
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o REC=27. I f l l L L I 3 N  
o nQCH NO.=.93 
0 CL=.377  
o FLIGHT 1618 RUN 25  
CORPRESS I BLE T - S  
I 
CORPRESS IaLE C - C  
Figure 0-6. F- 1 1 1 Stability Analysis Results Case 13, Upper Surface 
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o EREQUENCV:O H Z  
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Figun P " F- 1 1 1  Shbiiity Anaiys~s Results Case 15, Upper Surface 
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Flgure P-8. F- 1 1 1 Stability Analysis Results Case  16, Upper Surface 
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o FLIGHT 155 ,  RUN 19 
Flgure 0-9. F- 1 1 1 Stability Analysis Results Case 17, Upper Surface 
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Figure 0- 10. F- 1 1 1 Stability Analysis Results Case 18, Upper Surface 
3 YPPER SURFQCE 
o TRONSIT!ON ?T S/:=.36 
o SUEEP=l5.: !XG. 
o R E C 5 2 3 . 3  ?IILL!ON 
o JACH NO.=.83 
o CL=.37F 
o FLIGHT 147, 2UN i4 
Figure 0- 1 1. F- 1 1 1 Stability Analysis Results Case 7 b, Gpper Surface 
Figure 0-12. F- 11 1 Stability Analysis Results Case 20, Upper Surface 
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